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ABSTRACT 

Climate change has caused a rapid increase in ocean acidification and sea surface 
temperature. As anthropogenic effects continue, marine ecosystems must cope with 
continued shifts in ocean properties. Already, marine organisms have shown evidence of 
stress-induced responses through the form of bleaching, which is the loss of 
photosynthetic pigment. Research has largely focused on the bleaching of coral and 
calcified macroalgae which are more susceptible to changes in carbonate chemistry; 
however, the ecological importance of fleshy macroalgae necessitates further research as 
calcified macroalgal responses to climate change may not be representative of other 
forms of algae. In this study, we subject Porphyra lanceolata and Mastocarpus papillatus, 
intertidal fleshy macroalga of the Rhodophyta phylum, to the projected effects of climate 
change by manipulating water temperature and pH. We also investigated how the 
morphological structures of P. lanceolata and M. papillatus may play a role in mitigating 
bleaching. We eliminated overall morphology by excising small portions of algae and 
comparing these excised samples to intact samples. We found that an increase in 
temperature and a decrease in pH did not affect the amount of bleaching in both species. 
We also found that Intact samples of P. lanceolata showed a lower amount of bleaching 
as compared to excised samples while there was no difference in the amount of bleaching 
between intact and excised samples of M. papillatus. The ruffled, foliose morphology of 
P. lanceolata may help prevent bleaching while the simple, bladed morphology of M. 
papillatus may not. These functional morphological differences may give insight into how 
different species of algae can combat the effects of climate change on a morphological 
level. 
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INTRODUCTION  

Marine ecosystems and their inhabitants 
must cope with various alterations in 
physical and chemical environments as 
anthropogenic influences continue to drive 
climate change. (Doney et al. 2009, Kroeker 

et al. 2013). Currently, anthropogenic 
outputs are projected to increase 
atmospheric carbon dioxide levels from 400 
parts per million (ppm) to approximately 
1,000 ppm by the end of this century 
(Stocker 2014). The ocean is particularly 
affected by increasing anthropogenic 
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emissions because of its buffering capacity. 
At the cost of alterations to chemical and 
physical properties, the ocean absorbs 
excess heat and atmospheric carbon dioxide. 
The greater presence of atmospheric carbon 
dioxide leads to an increase in sea surface 
temperature (SST) as a result of the 
greenhouse effect, and the ocean’s 
absorption of excess atmospheric carbon 
dioxide causes ocean acidification and alters 
carbonate chemistry (Doney et al. 2012). 

Ocean acidification and SST warming will 
have drastic cascading effects across marine 
ecosystems and their inhabitants (Doney et 
al. 2012). As a result of ocean acidification, 
carbonate chemistry is altered which many 
marine organisms such as calcified algae and 
corals depend upon, leading to large-scale 
ecological changes (Kroeker et al. 2010). At 
the same time, increased temperature 
would affect virtually all physiological 
functions at the level of metabolic function 
and manipulate many ecological 
phenomena which use temperature as a cue 
(Gilman et al. 2006). Moreover, organismal 
responses to increased temperature, ocean 
acidification, and the interaction of the two 
are highly variable and difficult to predict 
(Kroeker et al. 2010, Harley et al. 2012a, 
Koch et al. 2013). Given the ocean’s 
particularly vulnerable and poorly 
understood position within the context of 
climate change, continued exploration of 
how ocean acidification and SST warming 
will impact marine ecosystems and their 
inhabitants is important. 

Macroalgae are one important group of 
marine organisms that are affected by 
climate change. Many marine ecosystems 
are functionally dependent upon 
macroalgae which serve as primary 
producers, reef formers, and habitat 
creators (Harley et al. 2012). The effects of 

ocean acidification and SST warming on 
macroalgae are largely uncertain and 
variable but are likely to compromise various 
macroalgal ecosystem functions (Kroeker et 
al. 2010). Koch et al. (2013) have reviewed 
the effects of climate change on macroalgae 
and found that elevated temperature will 
limit photosynthetic efficiency by lowering 
carbon acquisition. On the other hand, the 
deleterious effects of elevated temperature 
will be partially ameliorated by the increase 
in availability of inorganic carbon as more 
carbon dioxide dissolves into the ocean. To 
supplement growth related responses, Koch 
et al. emphasize further research into stress-
response mechanisms to gain a broader 
understanding of the effects of SST warming 
and ocean acidification.  

Algal bleaching is one stress-response 
mechanism that warrants further 
consideration. Algal bleaching is the 
irreparable loss of photosynthetic pigment 
which can lead to death if complete loss is 
reached. Research on algal bleaching has 
largely focused on calcified macroalgae 
which has been motivated by recent 
emphasis on ocean acidification and its 
alteration of carbonate chemistry. Stress-
response mechanisms of calcified 
macroalgae have linked bleaching, among 
other responses, to ocean acidification and 
warming temperatures (Huggett et al. 2018). 
However, fleshy macroalgae species may 
respond in an entirely different manner 
given differences in structure. Given the 
ecological importance of fleshy macroalgae 
as a carbon sink and source of habitat, the 
effects of ocean acidification and SST 
warming on stress-induced bleaching of 
fleshy macroalgae warrants further 
investigation (Krause-Jensen and Duarte 
2016, Duarte et al. 2022). 
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To mitigate stress-induced bleaching, 
variation in the morphology of fleshy 
macroalgae presents a possible difference in 
responses to changing environmental 
conditions. Algal stress responses have been 
linked to morphology. Previous research has 
found that similar morphologies will react to 
stress similarly (Dudgeon et al. 1995). It is 
known that algal morphology is directly tied 
to particular functional advantages. For 
example, foliose algae with a ruffled edge 
have been shown to have a higher uptake of 
nutrients due to a higher surface area to 
volume ratio than simpler forms of thalli like 
bladed algae (Kübler and Dudgeon 1996). 
Therefore, it is possible that morphology 
may influence the response of fleshy 
macroalgae to stress-induced bleaching 
(Dove et al. 2020). 

In a dynamic environment like the 
intertidal zone, algae already cope with 
environmental extremes and stress-induced 
damage such as bleaching due to the effects 
of cyclical changes in tidal range throughout 
the day (Dudgeon et al. 1995). The further 
stress added from anthropogenic influences 
may have various outcomes across intertidal 
algae. Intertidal algal species may be 
adapted to acute extremes of stress and not 
chronic levels of low stress as a result of 
climate change; however, on the other hand, 
the adaptations to the extremes of the tidal 
range may translate to resistance to the 
effects of climate change (Kroeker et al. 
2010, Harley et al. 2012a, Koch et al. 2013, 
Kroeker et al. 2013). For instance, 
Mastocarpus papillatus, an alga of the 
phylum Rhodophyta, proved to have strong 
resistance to increases in temperature, and 
the photosynthesis rate of M. papillatus can 
recover after exposure to air of 15°C to 25°C 
air rapidly after they are resubmerged ocean 
water (Bell 1993). With a moist thallus, even 

out of seawater, the net photosynthesis of 
M. papillatus can increase in temperature 
intervals of 15°C to 30°C. Similar to M. 
papillatus, Porphyra spp., another genus of 
Rhodophyta, also proved to be resistant to 
changes in temperature, and are specifically 
used in agricultural contexts due to their 
high stress tolerance (Blouin et al. 2011). 
Overall, intertidal species of the Rhodophyta 
phyla such as M. papillatus and Porphyra 
spp, are shown to be especially resistant to 
stressors as a result of the dynamic nature of 
their environment. 

Our study will focus on the Porphyra 
species complex and the Mastocarpus 
species complex as mentioned previously. 
We focused on these two species of red 
algae as a general indicator of how intertidal 
algae whose lifestyle is adapted to 
environmental extremes will respond to 
further environmental stress from climate 
change. We predict that a warmer 
temperature and an acidic pH will both 
independently result in more bleaching due 
to the greater degree of stress that the algae 
must cope with. We focused on these two 
species complexes because they provide a 
comparison of functional morphological 
differences in response to SST warming and 
ocean acidification within Rhodophyta. In 
terms of the differing morphology, Porphyra 
lanceolata is one cell thick (100-200 µm) and 
has long foliose thalli with ruffled edges 
(Smith and Hollenberg 1943). Mastocarpus 
papillatus is a thicker, tougher algae with a 
small-bladed thallus containing many 
papillae. We predict that the higher surface 
area and the thinner thallus of P. lanceolata 
will result in more bleaching as opposed to 
the smaller and thicker thallus of M. 
papillatus. Within both species, we predict 
that if we physically manipulated the algae 
to remove external morphology bleaching 
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on the thalli would increase.  This is because 
external morphology may protect the algae 
from bleaching similarly to how external 
morphology helps prevent species from 
desiccation and drag (Kitzes and Denny 
2005).  

METHODS 

2.1 Study System 

We conducted our study at the Big Creek 
State Marine Reserve (36° 4' 10.4268", -121° 
36' 0.8352") in Monterey County, CA, USA 
from August 1, 2022 to August 3, 2022. The 
Big Creek State Marine Reserve is located 
adjacent to the terrestrial Landels-Hill Big 
Creek Reserve. The Big Creek State Marine 
Reserve is a state managed marine 
protected area (MPA) to protect and 
conserve marine life and estuarine waters. 
This area was chosen as a state MPA to 
conserve the wide range of habitats which 
includes rocky intertidal, kelp forests, rocky 
reef, and sandy bottom ocean floor. 
Moreover, as a state MPA, removal of sea-
life is only authorized for research, 
restoration, and monitoring purposes, which 
provides a largely undisturbed marine 
environment to obtain healthy algae 
samples without any signs of bleaching.  

Algae were sampled from the rocks 
present in the intertidal zone of the reserve 
where Big Creek flows into the Pacific Ocean. 
This location was chosen because of ease of 
access and collection. Algae were keyed with 
the Marine Algae of California (Abbott and 
Hollenberg 1976). P. lanceolata and M. 
papillatus were identified as the two main 
species present in the intertidal zone. 
Therefore, we will be referring to them as 
such throughout this study. However, we are 
aware that both P. lanceolata and M. 

papillatus are highly speciose which creates 
indistinguishable subspecies differences 
(Lindstrom et al. 2015). Research on this 
subspecies entanglement shows that the 
subspecies are genetically similar when in 
the same environment (Oppen et al. 1996). 
Based on this previous research, we deemed 
it safe to assume that Porphyra species 
complex and Mastocarpus species complex 
would similarly respond to treatments. 

We did a targeted selection of 80 samples 
of each species, M. papillatus and P. 
lanceolata. Each sample was a single blade 
and was inspected prior to removal to 
ensure that no signs of bleaching were 
present to simplify post-treatment sample 
processing. We also sampled similarly sized 
algae of each species. We collected samples 
of P. lanceolata within a range of 14–26 cm, 
and we collected samples of M. papillatus 
within a range of 6–8 cm.  

2.2 Experimental Setup  

We used a factorial study design to 
disentangle the effects of pH and water 
temperature. Four treatments were applied: 
low temperature and regular pH, low 
temperature and acidic pH, high 
temperature and regular pH, and high 
temperature and acidic pH (Fig. 1). Within 
these four treatments, we further divided M. 
papillatus and P. lanceolata into two 
categories based on morphology. For the 
excised category, algae are cut into 
approximately 2.5 cm by 1.5 cm rectangles. 
For the intact category, samples were of 
similar size and remained in their original 
condition when sampled. An excised and 
intact category was designed in order to 
disentangle the effect of pH and water 
temperature based on the differing 
morphology of M. papillatus and P. 
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lanceolata. Therefore, we tested 16 distinct 
combinations for excised/intact, high/low 
temperature, regular/acidic pH categories. 
Eight buckets were used to hold the samples 
which were divided by temperature, pH, and 
species. The excise and intact samples of the 
same species and treatment type were kept 
together in the same bucket. Each bucket 
was filled with 14.2 L of seawater.  

Figure 1: Example of factorial experimental design. 
Eight buckets with 14.2 L of seawater were used in 
order to conduct our experiment. Half of them were 
submerged into Big Creek River in order to maintain a 
cooler average temperature of 19.4°C. The other half 
were then placed indoors to maintain a warmer 
average temperature of 21.4°C. Each half of the 
temperature treatments had both regular pH and a 
decrease in pH for both species. Within each species-
specific bucket there were both intact and excised 
samples. Samples and seawater were collected at 6 
p.m. on August 1 in the rocky intertidal MPA of Big 
Creek Reserve in California.  

To simulate the change in temperature 
and pH that will happen due to climate 
chnage, we drew upon future climate 
change projections from The 

Intergovernmental Panel on Climate Change 
(IPCC), which has detailed the projected 
effects of climate change in Climate Change 
2013 The Physical Science Basis (Stocker 
2014). The IPCC uses various greenhouse gas 
emissions (GHG) scenarios summarized by 
Representative Concentration Pathways (RCP). 
RCP8.5 is described as the “business-as-usual” 
scenario which forecasts the most drastic 
effects of climate change given continued 
GHG emissions. RCP8.5 projects that by 2100 
the ocean will increase in sea surface 
temperature (SST) by 2.73°C and decrease in 
pH by 0.33 relative to 1990–1999 levels. 

The average temperature of the Big Creek 
State Marine Reserve was 14.5°C, and we 
tried to create an experimental environment 
closest to that value. We maintained an 
average 2°C difference between high and 
low temperature treatments by keeping the 
low temperature buckets half submerged in 
Big Creek and the high temperature buckets 
inside an adjacent building. While the low 
and high temperature treatments were not 
true to the current and projected ocean 
temperature, we maintained an 
approximate absolute difference to align 
with the projected RCP8.5 values. The 
average temperature for the low 
temperature treatments was 19.4°C with a 
range of 16.1°C–23°C and the average 
temperature for the high temperature 
buckets was 21.4°C with a daily range of 
18.8°C–26.5°C. If the low temperature 
buckets reached room temperature, we 
moved the high temperature buckets 
outside into the sun to warm the buckets 
and maintain the 2.73°C temperature 
difference. Temperature monitoring of the 
buckets with an infrared temperature gun 
was conducted at hourly intervals 
throughout the day.  
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After each bucket was filled with seawater 
and the necessary samples, we used a pH 
meter (Hanna Instruments HI98127 pHep) to 
measure a baseline pH of 7.7. Prior to use, 
the pH meter was calibrated using a two-
point calibration at 7 pH and 4 pH using 
standardized buffer solutions to ensure 
precision. Once the baseline pH was 
measured across the regular pH buckets, the 
acidic pH buckets were created by adding 
minute quantities of apple cider vinegar until 
7.4, a pH reduction of 0.3, was measured 
from the baseline. 

Processing of the samples post-
experiment was performed using ImageJ 
1.53a (Rasband 2020). We quantified 
percentage bleached by manually measuring 
length and width of all bleached areas using 
a digital caliper for each sample. We took 
photos of bleached algae samples outside of 
the water which allowed us to manually 
spread the foliose ruffles of P. lanceolata. 
The samples were also placed upon a white 
background with a scale included for image 
processing on ImageJ. ImageJ was then 
capable of quantifying the area of the algae. 
This method yielded the most accurate 
quantification of total surface area. We then 
calculated the percentage bleached using 
the total area and total area bleached.  

2.3 Statistical Analysis 

We conducted all statistical analyses using 
the JMP v16 statistical software (SAS 
Institute Inc. 2021). Given the large number 
of samples which did not show any 
bleaching, all statistical tests were 
performed using the non-parametric 
Wilcoxon test to account for a non-normal 
distribution. We tested the effects of pH on 
percentage bleached and the effects of 

temperature on percentage bleached for 
intact M. papillatus and P. lanceolata. We 
also examined the percentage bleached 
within and between the morphology 
treatments of P. lanceolata and M. 
papillatus to determine if morphology 
affects stressed-induced bleaching.  

RESULTS 

We found no effect of pH treatment or 
temperature treatment on percentage 
bleached of both Porphyra lanceolata and 
Mastocarpus papillatus (Table 1); however, 
we did find differences in bleaching 
response when looking at morphological 
treatment within and among the two 
species. Within M. papillatus samples, there 
was no effect of the morphological 
treatment on the amount of bleaching (N = 
40, Z = 0.49, p = 0.62, Fig. 2). Within the P. 
lanceolata samples, there was an effect of 
the morphological treatment on the amount 
of bleaching (N = 40, Z = -2.0, p = 0.04, Fig. 
3). Excised samples of P. lanceolata had a 
greater amount of bleaching compared to 
intact samples of P. lanceolata. Between 
species, excised samples of P. lanceolata 
showed a greater amount of bleaching in 
response to temperature and pH (N = 80, Z = 
3.72, p = 0.0002, Fig. 4). In contrast, there 
was no difference in the amount of 
bleaching between the intact samples of P. 
lanceolata and M. papillatus in response to 
pH and temperature (N = 80, Z = 1.93, p = 
0.052, Fig. 5). In addition to bleaching, we 
also observed another stress-induced 
response that caused the edges of most P. 
lanceolata samples to decay. The edge decay 
seemed to be most prevalent on intact 
samples of P. lanceolata and was entirely 
absent on all samples of M. papillatus.  
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Table 1: Table showing the effects of differing temperatures and pH on bleaching in intact M. papillatus and P. 
lanceolata samples. We used a factorial test to test the amount of bleaching that was caused by temperature or pH. 
There was not a significant difference in the amount of bleaching in any of the treatments. All samples used in this 
test were intact. Percent bleaching was calculated by using calipers to measure the area of the spots bleached and 
dividing it by the total area. Samples were collected on August 1 in the rocky intertidal MPA of Landels-Hill Big Creek 
Reserve in California.  

 
 

Figure 2: The effect of morphology difference on 
percentage bleached in M. papillatus. The average 
percent of bleaching through all treatments was not 
significantly different between excised and intact 
samples (N = 40, Z = 0.49, p = 0.62). Error bars 
represent standard error. Percent bleaching was 
calculated by using calipers to measure the area of 
the spots bleached and dividing it by the total area. 
Samples were collected on August 1 in the rocky 
intertidal MPA of Big Creek Reserve in California.  

 

Figure 3: The effect of morphology difference on % 
Bleached in P. lanceolata. The average percent of 
bleaching through all treatments was higher in the 
excised samples (N = 40, Z = -2.0, p = 0.04). Error bars 
represent standard error. Percent bleaching was 
calculated by using calipers to measure the area of 
the spots bleached and dividing it by the total area. 
Samples were collected at 6 p.m. on August 1 in the 
rocky intertidal MPA of Big Creek Reserve in 
California.  
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Figure 4: The effect of excised morphology on 
percentage bleached in P. lanceolata and M. 
papillatus. Between the two species, there was a 
significant effect in the amount of bleaching in the 
excised samples (N = 80, Z = 3.72, p= 0.0002). Error 
bars represent standard error. The excised sample of 
M. papillatus bleached less than the excised sample 
of P. lanceolata. Percent bleaching was calculated by 
using calipers to measure the area of the spots 
bleached and dividing it by the total area. Samples 
were collected on August 1 in the rocky intertidal 
MPA of Big Creek Reserve in California.  

 

Figure 5: The effect of intact morphology on 
percentage bleached in P. lanceolata and M. 
papillatus. Between the two species, there was a 
marginally significant effect of bleaching in the intact 
samples (N=80, Z=1.93, p=0.052). Error bars 
represent standard error. Both intact species bleach 
relatively the same amount. Percent bleaching was 
calculated by using calipers to measure the area of 
the spots bleached and dividing it by the total area. 
Samples were collected on August 1 in the rocky 
intertidal MPA of Big Creek Reserve in California.  

DISCUSSION 

Overall, our results are largely different 
from our initial predictions. We found no 
effect of pH treatment on the amount of 
bleaching and no effect of temperature 
treatment on the amount of bleaching for 
both Porphyra lanceolata and Mastocarpus 
papillatus. These results contradict our 
earlier prediction that warmer temperatures 
and acidic pH would result in a higher 
amount of bleaching. It seems that even 
though there was a higher temperature in 
the warmer treatment as opposed to the 
normal temperature treatment, it did not 
matter. This is maybe because at a certain 
point, an increase in ocean temperature will 
affect bleaching in the same way and that 
degree increase doesn’t matter as much as 
we thought. As for pH, there also seems to 
not be a difference in bleaching from the 
normal baseline pH to the acidic pH. This 
could mean that pH doesn’t have as much of 
an effect on fleshy macroalgae as we 
thought it would. Some more research is 
needed to understand these differences. 
However, based on previous research and 
our results, we think that the similar 
bleaching response of P. lanceolata and M. 
papillatus to extreme temperatures and pH 
may mean that they are particularly well 
adapted and resistant to further extreme 
changes in environmental conditions like 
ocean acidification (Kroeker et al. 2010).  

We also found that excised and intact 
samples of P. lanceolata and M. papillatus 
did not respond in the same manner when 
comparing bleaching responses within 
species to each other. Excised samples of P. 
lanceolata showed greater amounts of 
bleaching compared to intact samples while 
excised samples of M. papillatus showed no 
difference in bleaching compared to intact 
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samples. These differences may be a result 
of functional morphological traits unique to 
P. lanceolata that reduce stress-induced 
bleaching. Our results may suggest that 
environmental stress adaptations of P. 
lanceolata may be expressed through 
morphology. For example, the ruffled edges 
may play a role in reducing the effects of 
stressors (Smith and Hollenberg 1943). 
Further research into the unique 
morphology of P. lanceolata would be 
needed to further isolate overall 
morphology from cellular level responses to 
stress. On the other hand, we also found that 
within M. papillatus, the excised and intact 
samples have a similar level of resistance to 
pH and temperature and displayed similar 
amounts of bleaching. These results may 
suggest that environmental stress 
adaptations of M. papillatus may be more 
related to physiology and present at the 
cellular level rather than the level of overall 
morphology. These unique responses 
corroborate previous research that show 
how morphological adaptations may be 
stressor-specific (Bell 1995).  

In addition to bleaching, we also observed 
tissue decay mainly around the edges of 
intact samples of P. lanceolata. However, 
edge decay was not present on excised 
samples of P. lanceolata and M. papillatus. 
This pattern may be explained by spatial 
distribution of reproductive cells of P. 
lanceolata which are placed on the edges of 
the thalli. It is possible that edge decay is 
related to the reproductive structures which 
may be more vulnerable to extreme levels of 
stress (Smith and Hollenberg 1943, 
Lindstrom et al. 2015). The presence of edge 
decay jeopardizes the reproductive viability 
of P. lanceolata and future research into 
edge decay should be considered to 

understand how reproductive cells respond 
to environmental stressors. 

Overall, M. papillatus and P. lanceolata are 
both resistant to bleaching in extreme 
climate change scenarios (Blouin et al. 
2011b, Kitzes and Denny 2005). To further 
study the influences of intertidal adaptations 
to extreme environmental conditions, 
subtidal species, which are not exposed 
during low tide, could be used as species of 
comparison to investigate differences in 
stress-induced responses such as bleaching. 
This research would reveal if species not 
already adapted to extreme fluctuations in 
environmental conditions are more 
susceptible to the effects of climate change. 
Overall, further research into the various 
types of algae in different marine 
ecosystems is necessary to preserve the 
ecosystem that we as organisms rely on for 
a carbon sink, for biological diversity, and for 
the preservation of the food chain. (Harley et 
al. 2012, Pires 2017).  
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